Chlamydomonas reinhardtii, the first alga subject to a genome project, has been the object of numerous morphological, physiological and genetic studies. The organism has two genetically determined mating types (plus and minus) and all stages of the simple life cycle can be evoked in culture. In the nearly 60 years since the first standard laboratory strains were isolated, numerous crosses and exchanges among laboratories have led to some confusion concerning strain genealogy. Here we use analyses of the nuclear Internal Transcribed Spacer regions and other genetic traits to resolve these issues, correctly identify strains currently available and analyze phylogenetic relationships with all other available similar chlamydomonad types. The presence of a 10 bp indel in ITS2 in some but not all copies of the nuclear ribosomal cistrons of an individual organism, and the changing ratios of these in crosses, provide a tool to investigate mechanisms of concerted evolution. The standard C. reinhardtii strains, plus C. smithii +, plus the new eastern North American C. reinhardtii isolates comprise one morphological species, one biological species of high sexual intercompatibility, and essentially identical ITS sequences 4 (except the tip of helix I of ITS2). However, variant rflp patterns characterize strains from each geographic site.
MATERIALS AND METHODS
The algal cultures utilized, and their sources, are listed in Tables 1 and 2 (supplementary Tables   1 and 2 at http://www.genetics.org/supplemental/). All the algal strains used were cultured in SoilWater medium (STARR and ZEIKUS 1993) at 24 o in 60 µ einsteins/m 2 /sec constant light.
Pairings of strains to test their mating potential were done in the same medium and growth conditions, as well as by the standard mating protocols for C. reinhardtii (HARRIS 1989) .
Polymerase Chain Reactions and Sequencing.
DNA to serve as template in PCR reactions was extracted from ca. 0.1 mg wet weight of cells, Initial studies involved purifying the PCR products from agarose gels (QIAquick Gel Extraction Kit, QIAgen, Valencia, CA), subcloning them into pT7 Blue T-vector (Novagen, Madison, Wisconsin), infecting E. coli and preparing DNA by miniprep (Wizard Plus Miniprep Kit, Promega, Madison, Wisconsin) . Later studies utilized direct sequencing of the gel-purified mixture of PCR products. Primers included the standard pair (derived from WHITE et al. 1990, ITS5 and ITS4 ) that we call here Gfor and Grev, priming respectively in the 3' end of the SSU and the 5' end of the LSU, and producing the full ITS1-5.8S-ITS2 as the PCR product.
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Additional special purpose forward primers, each paired with Grev, are shown in Figure 1 .
Sequencing in both directions was earlier done manually (USBiochemicals 2.0 kit, Cleveland, Ohio) , and later using an automatic sequencing system (ABI dye systems and ABI Prism 377 automated sequencer; Applied Biosystems, Foster City, CA). Primers for sequencing were those used for the initial PCR plus a pair in the 5. 8S (ITS3 and ITS2 of WHITE et al. 1990 ).
Alignment of sequences utilized MacVector and AssemblyLIGN software ( Kodak, Int.
Biotechnologies, New Haven, CT), and took into account the known secondary structure of the ITS1 and ITS2 RNA transcripts ( Figure 2 ). Phylogenetic comparison utilized PAUP* version 4.0b10 (SWOFFORD 2002 ). The evolutionary model for the datasets was calculated by Modeltest 3.06 (POSADA and CRANDALL 1998) . The ITS sequences have been deposited in GenBank as listed in supplementary Table 2 .
Genomic DNA Analyses
Genomic DNA was isolated from a washed pellet of algal cells grown in 500 ml of HSM (HARRIS 1989) . These were lysed in 4%SDS, 0.2M NaCl, 0.05M Tris pH 8, 0.1M EDTA containing 0.1 mg/ml proteinase K. The extract was phenol extracted, then phenol:chloroform extracted, and the aqueous solution brought to 200 mM NaCl , and put on ice. Two and 1/2 vol of 100% ethanol were added, and allowed to stand on ice overnight. The precipitated nucleic acids were collected by centrifugation, washed in 70% ethanol and air dried. The pellet, resuspended in TE was treated with 0.1 mg/ml RNAse A at 37 o C for 2 hrs, extracted once with phenol-chloroform and precipitated and resuspended again in TE.
For endonuclease reactions (Afl III and Bam H I, New England BioLabs), multiple aliquots of genomic DNA were digested, under conditions described by the manufacturer, for differing periods of time to ensure a complete reaction. Comparable quantities of these aliquots were run on 1% agarose gels, stained in ethidium bromide, and then the DNA transferred to a nylon membrane (Boehringer Mannheim) by standard methods (SAMBROOK et al. 1989) . A miniprep of a cloned Chlamydomonas reinhardtii ITS sequence was radiolabelled and used as probe. Probing and rinsing followed the standard protocol of SAMBROOK et al. (1989) .
For mapping, we worked from the C. reinhardtii nuclear ribosomal cistron map of MARCO and ROCHAIX (1980) and checked C. reinhardtii GenBank sequences M32703 (SSU) and AF183463 (LSU partial).
RESULTS AND DISCUSSION
The fundamental problem, the genealogical history of Chlamydomonas reinhardtii, will be treated first, including the critical information derived from the analyses of ITS2 that is described subsequently.
Background information
What we refer to here as the "standard C. reinhardtii " strains are those in use widely, all allegedly derived from the meiotic products of a single zygote isolated in 1945 by G.M. Smith from a Massachusetts site (HARRIS 1989) . A laboratory history of the standard strains, modified 9 from HARRIS (1989) and from KUBO et al. (2002) , is provided in Figure 3 . There are three basic sublines, I, II and III, reconstructed from the literature and culture collection records.
The genetic constitution characterizing the three major sublines of the "standard" C. reinhardtii strains for five unlinked loci is shown in the diagram (Figure 3 ). One locus is mating type, found on linkage group VI (HARRIS 1989) . Two, nit1 and nit 2 (respectively, linkage group IX and III), singly or together, prevent growth on nitrate; organisms utilize ammonia or urea as a nitrogen source instead, and Smith used a medium containing ammonia, so would have been unaware of any genetic variation in this trait. Essentially all subline I (only exception is UTEX 2247 which we believe to be a late exchange between the Duke and Sager laboratories) and subline II strains can grow on nitrate, while subline III strains cannot ( HARRIS 1989 , SAITO et al. 1998 . Where analyzed, they bear both the nit1 and nit2 alleles. The next locus is the nucleolar organizer repeats (NOR), as yet unmapped. The final locus contains genes for "autolysins", concerned with wall digestion, metalloproteases surveyed by Matsuda's laboratory ( KUBO et al. 2001 , KUBO et al. 2002 . Not shown in Figure 3 are other known genetic differences that have led to some confusion among different laboratories in the past. These are documented in HARRIS (1998) and in SAITO et al. (1998) , and include green versus yellow colony color when growing in the dark, and the requirement for light to evoke and maintain gamete activity.
As made obvious from Figure 3 and the diagram in Figure 4 , the current strains of standard C.
reinhardtii cannot all be the immediate products of a single zygote as previously assumed (see HARRIS 1989), a point made clearly by Matsuda's laboratory (KUBO et al. 2002) . Two other suggested a near equal proportion of "longs" and "shorts" in a genome, direct sequencing of the mixture of PCR products gave an unreadable series starting at just the indel position. Where subcloning suggested a predominance of, for example, the "short" version, direct sequencing of the PCR product gave a clear read, but close examination revealed minor peaks starting at the indel position. Only CC-124J, UTEX 2246, and the strains associated with the cell-wall less subgroup appeared to lack two forms. Likewise, the isolate known as C. smithii + appeared to have only the short form, and its sequence was identical in all three extent samples of the strain (UTEX 1062, SAG 54.72, CC-1373).
To check these exceptional standard C. reinhardtii strains, we turned to a further method of assessment. The "short" version of the ITS has an Afl III site (ACPuPyGT) in the terminus of the first hairpin loop in the ITS2 transcript secondary structure; this cut site is absent from the "long" version. The Afl III site in the "short" version of ITS2 is shown in Figure 2 , and it and the nucleotides.
To ascertain directly what the genomic DNA contained, we digested total DNA with the diagnostic restriction endonucleases, separated the products on an agarose gel, and prepared a Southern blot. This was probed with a radioactively-labelled plasmid containing a complete
Chlamydomonas reinhardtii ITS1-5.8S-ITS2 sequence (supplementary Figure 2 ).
Of 13 different standard C. reinhardtii strains examined this way, most showed autoradiography patterns on Southern blots indicating the presence of both "long" and "short" versions of the ITS within a genome, and the proportions of each roughly corresponded with what had been observed by either direct PCR sequencing or frequency among multiple subclones (supplementary Table   1 ). There were still, however, strains that appeared to be pure types, from the diagnostic bands on the autoradiogram. CC -124J, the strain from Matsuda in Japan, appeared to be lacking any "short" version; this was not true of the CC-124 we obtained directly from the CC collection.
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Several strains collectively associated with the cell-wall-less mutation work of DAVIES and PLASKITT (1971) appeared to be lacking "longs". The same is true of two other strains, UTEX 2246 shown in subline I in Figure 3 , a strain deposited by Sager in UTEX in 1980, and C.
smithii +.
To discern finally whether these exceptional strains were indeed homogeneous for only one version of the ITS2, forward primers designed to discriminate between shorts and longs were used, with Grev, for PCR. Using the J short primer, a band resulted from the Japanese sample CC-124J mating type minus, and its sequence was the expected short. Likewise, use of the reinlong and smith-long special primers on the cell-wall-less strains and on UTEX 2246 produced a band that, when sequenced, was the expected "long" version. Thus specific primers were capable of detecting a minority cistron type not detectable by genomic digestion and probing, and all standard C. reinhardtii organisms contain both long and short versions of ITS2, albeit in very different proportions in different strains.
However, no "long" band was obtained with C. smithii + DNA, using either of the special "long" primers. C. smithii + seems to be uniform for the short version, in agreement with the absence of any indication of variation in this region on direct sequencing of mixtures of PCR products of the Gfor-Grev primer pair, and from analysis of genomic DNA. More important to the genealogy study, C. smithii + appeared to differ from all standard C. reinhardtii at one nucleotide site, marked X in Figure 1 . For a more stringent examination of this nucleotide position we designed two relatively short forward primers differing only by C/T at the 3' end (17-T and 17-C in Figure   1 ), and paired each with Grev for PCR to test whether this nucleotide position was indeed It then seems most likely that there was no contribution of C. smithii + to the "standard" strains of C. reinhardtii unless there were absolutely no crossover event in the entire set of ribosomal repeats (8.5 kb x 200 = 1700 kb) in a hypothetical reinhardtii x smithii zygote germination. In a final effort to examine the possibility that a cross between C. reinhardtii and C. smithii + had been made, but only C. reinhardtii cistrons were present in the product because there had been no crossover in the region of the ribosomal repeats, we examined known products of such a cross. We obtained ten randomly selected F 1 products of a cross of standard C. reinhardtii (CC-29) x C. smithii + (RANUM et al. 1988) and determined the sequence of their Gfor-Grev PCR products as well as whether DNA from each could be primed successfully by 17-T and by 17-C.
The CC-29 parent was examined as well, and proved to contain predominantly "shorts"; as expected, these primed with 17-T but failed to prime with 17-C. Two of the F 1 products had the same phenotype, and might well be uninterrupted standard C. reinhardtii parental cistrons. The other eight F 1 clones, however, displayed a wide variety of sequence disturbances starting at the position equivalent to the end of helix I in ITS2, and primed successfully with both 17-T and 17-C at discriminatory reannealling temperatures. We conclude then that in the region of ribosomal repeats, the average frequency of crossover per ZYGOTE is about 2, that is, the vast majority of zygote products would have a mixture of C. reinhardtii and C. smithii + repeats. With the additional information that C. smithii + has a plastid DNA restriction pattern with a number of differences from that of standard C. reinhardtii, but no C. reinhardtii examined has the C. smithii + plastid DNA pattern (HARRIS et al. 1991) , we conclude that C. smithii + has not contributed genetically to the standard C. reinhardtii strains.
Algal strain confusions
Not only is our knowledge of past strain exchanges among laboratories incomplete, but in the course of the 60 years since the C. reinhardtii standard strains were first isolated and dispersed to other laboratories, some laboratories subsequently have deposited strains in culture collections as C. reinhardtii from different collection sites. The older strains in supplementary Table 1 purporting to be C. reinhardtii from various different places are all actually standard C.
reinhardtii strains, since their ITS sequences are identical to those of the standard strains, their plastid DNA shows identical endonuclease restriction fragment patterns (HARRIS 1998), and their distribution of copies of the Gulliver transposon matches those of the standard strains (FERRIS 1989) . These include the strains ostensibly from the Caroline Islands (SAG 11-32c), Florida (SAG18.79), France (SAG 77.81), Japan (SAG 73.72), and Pringsheim's strain SAG 11-31. In addition, the "short" ITS2 sequence of C. reinhardtii in GenBank (AF156601), sequenced in China, is actually from a strain obtained from a Denmark laboratory, one of the standard C.
reinhardtii lines. 
How homogeneous are the ribosomal cistrons of an organism?
In the course of this study, some 73 subclones of ITS were sequenced, and an additional 63 sequences were obtained by direct PCR sequencing (supplementary Table 1 ). For many of these, the ITS1 was largely ignored, but the ITS2 was completed. Among the ITS1 sequences of all strains of standard C. reinhardtii, four examples of a single nucleotide variant was found. For each of these four cases, the nucleotide is either unpaired in the RNA transcript secondary structure, or the substituted nucleotide is compensatory, and preserves the pairing at that position (see COLEMAN and MAI 1997) . It remains unknown how rapidly ITS is homogenized within a genome. Homogenization of ITS repeats is apparent in all the standard C. reinhardtii, even to the crucial nucleotide that distinguishes it from its near relative C. smithii +, with the sole exception of the loop at the end of helix I in ITS2. This remains unhomogenized in the standard C. reinhardtii, and also in the more recently collected interfertile C. reinhardtii strains. This is a region that is relatively poorly conserved between species evolutionarily, but is almost universally homogenized within an organism. Why should this exception exist? We offer no suggestion, except that these Chlamydomonas strains would seem to provide ideal material for further study, given the apparent frequency of crossover events among the ribosomal cistrons.
Phylogenetics
Prompted by the studies of GOODENOUGH and FERRIS ( FERRIS et al.1997 , FERRIS et al. 2002 on the structure of the C. reinhardtii mating type locus, we obtained and sequenced the ITS region of all available chlamydomonads of grossly similar morphology, as well as newly collected strains and others examined in the literature (e.g. NOZAKI et al. 2002) . At the same time we made pairings of these organisms with standard plus and minus mating types of C.
reinhardtii to assess mating potential. asymmetrica. The second marker of the major dichotomy concerns the most conserved DNA sequence in all of ITS2, a marker found on the 5' side of helix III. The upper half of the tree is uniform for GGCCTCTACTGGGTAGGCA at that position, except for one transition in a secondary structure bulge in V. carteri, while several variants appear among these sequences in the lower half of the tree.
We then selected the strains of the upper half of the tree and examined their relationships using all positions of ITS1 and ITS2, including gaps as a 5th character. This produces a slightly more subdivided branching, at least in distance analysis, but did not change the relationships of the C.
reinhardtii and their closest relatives, as shown in Figure C. incerta from Cuba is genetically mating type minus, based on the presence of the MID gene in the mating type locus (FERRIS et al. 1997) , and so also is the strain from Norway but may differ from the Cuba strain as assessed by RFLP (Pröschold, in preparation).
The next closest relative, by DNA comparison, is a 16-celled colonial green alga, Gonium pectorale. With respect to the set of relatively conserved nucleotide positions in ITS2, G.
pectorale Alaska differs from the taxa above it in the tree at only two positions (one in a single stranded region and one transition at the distal-most pairing of helix II), and G. pectorale Africa differs at one additional nucleotide, a bulge in helix II. A number of G. pectorale mating type pairs capable of interbreeding are available (FABRY et al. 1999) ; none crosses with C.
reinhardtii, but the Alaska pair of strains is most similar to C. reinhardtii by ITS comparison.
A relatively close evolutionary relationship between colonial greens and the Chlamydomonas reinhardtii grouping is supported by other evidence. In a study of their hatching enzymes, "autolysins", enzymes that act to release daughter cells from the mother cell wall, both SCHLÖSSER (1976 SCHLÖSSER ( , 1984 and MATSUDA (MATSUDA et al.1987) found that chlamydomonads fall into subgroups, based on their autolysin sensitivity. The autolysin enzyme isolated from one member of a subgroup would digest the mother wall of all the members of the same subgroup. The chlamydomonads found to be in the same autolysin subgroup as C.
reinhardtii included C. incerta, C. smithii +, and C. globosa SAG 81.72 (known now to be C. incerta mistransfer). C. reinhardtii, C. smithii + and C. incerta also share recognizably similar ypt 2 and actin gene exons (LISS et al. 1997) .
The gametangium autolysin of C. reinhardtii can also digest the gametangium stage of six species of Gonium (MATSUDA et al. 1987) , an indication of genetic relatedness further The discovery that the colonial alga G. pectorale is more similar on a DNA basis to C.
reinhardtii than are many other chlamydomonads is not entirely unexpected. In the asexual reproduction of these algae, the mother cell undergoes 2 n mitoses before release of the daughter cells. Morphologically, the colonial forms appear to derive from the delay of completion of cytokinesis of the multiple daughter cells that the chlamydomonad mother cell makes.
Biogeography
All the interbreeding strains of C. reinhardtii and the one interfertile strain of C. smithii occur naturally in eastern North America. We have not found any organisms capable of interbreeding with it, or sharing ITS sequence, anywhere outside this area, despite considerable collecting, and also sequencing of all available germane organisms. The studies of unicellular green soil algae by Bold's laboratory (DEASON and BOLD 1960) in Texas also failed to isolate any organism interfertile with C. reinhardtii, although they report finding at least seven different chlamydomonads of similar morphology. These organisms also share an essentially identical ITS sequence, with the exception of the tip of ITS2 helix I (Figure 1) , which lies in a region that is relatively non-conserved evolutionarily and which is known to vary in other algae capable of interbreeding.
Genomic variation at a finer level
There is an abundance of DNA length polymorphisms among the genomes of the interfertile strains of C. reinhardtii collected from different sites in the eastern United States, both in nuclear DNA and in plastid DNA. The variants have proven very useful to mapping genes.
These interfertile strains are far from genetically identical at this level. Not only are the alleles shown in Figure 3 present in variant form, but in each case where a probe for organellar DNA, or a known gene, or short repeat DNA or transposon has been used, isolates from different collections can easily be distinguished (DAY et al. 1988 , FERRIS 1989 , GROSS et al. 1988 , HAILS et al. 1993 , HARRIS 1989 , HARRIS 1998 , LISS et al. 1997 , RANUM et al. 1988 , SACK et al. 1994 , and SPANIER et al. 1992 . Only a mating pair collected at the same time in the same place seems to lack this level of genetic variation, as also found for other green microalgae (COLEMAN and GOFF 1991) . It is this geographic site-specific genetic variation that gives us confidence in our presumptions about misidentified strains of C. reinhardtii and C.
incerta, since these were also examined for rflps and displayed the exact pattern expected. 
